Abstract-Designing mobile devices for harvesting ambient energy such as kinetic activities or electromagnetic radiation (EMR) will enable mobile networks to self sustain besides alleviate global warming. The throughput of a mobile ad hoc network powered by energy harvesting is analyzed in this paper using a stochastic-geometry approach. The transmitters powered by energy harvesting are modeled as a Poisson point process (PPP); each transmits to a receiver at an unit distance using either a random-access protocol or the time-hopping multiple access (THMA) and satisfying an outage-probability constraint. Consider non-EMR energy harvesting where energy packets of random sizes arrive at a transmitter following a stationary random process. By applying Mapping Theorem, the network (spatial) throughput for random access and in the limit of a long harvesting interval is derived in simple closed-form functions of the energy-arrival rate, transmitter density and coding rate. These results show that the throughput of a sparse network increases logarithmically with the energy-arrival rate and linearly with the transmitter density. Moreover, dense energy arrivals provide marginal throughput gain as the network becomes interference limited but this gain can be enhanced using THMA. Next, EMR energy harvesting is also considered where transmitters harvest energy from transmissions in coexisting networks modeled as independent PPPs. The corresponding expressions of the network throughput can be modified from their non-EMR counterparts such that the harvested EMR power per mobile is equal to a sum of coexisting-network densities weighted by corresponding transmission power and harvesting efficiencies.
I. INTRODUCTION
Recent years have seen rapidly growing popularity of mobile devices such as smart phones and tablet computers. As a result, the power consumption of mobile networks makes an escalating contribution to global warming. Conventional batteries that power mobile devices periodically interrupt their operation due to finite battery lives; battery recharging using power cords causes inconvenience to users. These provide a strong motivation for powering mobile devices by harvesting ambient energy such as solar energy, vibration, kinetic activities and electromagnetic radiation (EMR) [1] . The capacity of mobile networks powered by energy harvesting remains largely unknown, which is addressed in this paper.
The fluctuation in harvested energy due to random energy arrivals requires redesigning existing transmission algorithms for mobile communication. For single-user systems with infinitely backlogged data, knowledge of channel states and energy arrivals can be exploited for controlling transmission power to maximize the throughput [2] , [3] . The optimal powercontrol policies are shown to be variations of the classic waterfilling policy where modifications account for the causality of energy arrivals and finite battery storage. Single-user systems with both bursty data and energy arrivals are studied in [4] and the optimal policies for joint queue-and-power control are characterized. Adaptive transmissions for broadcast channels with energy harvesting have been also studied [5] , [6] . In [5] , the optimal power-control for a two-user single-antenna broadcast channel is shown to attempt to allocate a fix amount of harvested power to the user with the better channel before giving the remaining power to the other. A two-user multiple-input-multiple-output (MIMO) broadcast channel is considered in [6] where one user receives data and the other scavenges transmission energy, and the precoder is designed to achieve a tradeoff between the data rate and harvested energy. Prior work focuses on designing adaptive transmission algorithms for relatively simple energy-harvesting systems. There exist few results on the throughput of a large-scale network powered by energy harvesting.
To address this issue, this paper considers a mobile ad hoc network (MANET) where transmitters are modeled as a homogeneous Poisson point process (HPPP). Transmitters access a narrow-band channel based on either a random access protocol or time-hopping multiple access (THMA). Channels are characterized by path loss and have no fading. Each transmitter transmits fixed-rate data to a receiver at an unit distance using power supplied by an energy harvester. Data transmission succeeds if the received signal-to-interferenceand-noise ratio (SINR) is above a given threshold θ or else an outage event occurs. An outage-probability constraint is applied to all communications. For non-EMR energy harvesting, energy packets of random sizes arrive at a energy harvester following a stationary random process. EMR energy harvesting is also considered where the energy sources for each mobile are transmitters within a given range and from coexisting networks, which are modeled as independent HPPPs.
Based on the above model, the network (spatial) throughput is analyzed. Consider non-EMR energy harvesting. By applying Mapping Theorem and the outage-probability constraint, a simple relation is established between the energy-arrival rate, transmitter density and coding rate, which leads to closed-form expressions of the network throughput for random access in the limit of a long harvesting interval. These results show that the throughput of a sparse network is a logarithmic function of the energy-arrival rate and proportional to the transmitter density. Moreover, dense energy arrivals can cause the net- work to be interference limited and consequently the network throughput becomes independent with the energy-arrival rate. This problem can be resolved using THMA such that a high energy-arrival rate contributes additional throughput gain even in a dense network. Next, the network throughput for EMR energy harvesting is shown to have identical expressions as their non-EMR counterparts except that the harvested EMR power is equal to a summation of the product of node density, transmission power and harvesting efficiencies over different coexisting networks.
II. MATHEMATICAL MODELS

A. The Network Model
As shown in Fig. 1 , the transmitters {T } of the MANET are distributed in the Euclidean plane R 2 following a HPPP Φ with density λ t , where T denotes the coordinates of a transmitter. Each transmitter is associated with an intended receiver located at an unit distance. The model of long-range attenuation is used since nodes are sufficiently separated in space under the outage-probability constraint [7] . Specifically, the signal transmitted by T with power P T is received by a receiver located at X with power equal to P T |X −T | −α where α > 2 is the path-loss exponent.
For the scenario of EMR energy harvesting, the MANET coexists with K other wireless networks called coexisting networks. The transmitters of coexisting networks are molded as K independent HPPPs {Φ n } K n=1 with corresponding densities {λ n } K n=1 . The coexisting networks and MANET access different spectrums and thus are decoupled.
B. The Performance Metric
Time is partitioned into slots of t e time units and each slot is further divided into M sub-slots. Assuming infinitely backlogged and packetized data, a transmitter transmits one data packet over a complete slot or a randomly selected subslot, corresponding to random-access or THMA, respectively. Consequently, the power of a typical transmitter for transmission in a typical slot can be represented by P 0 for random access and MP 0 for THMA. The difference in transmission power results from transmitting the same amount of energy over different durations. Data is encoded at a fixed rate log(1 + θ) bit/s/Hz. Correct decoding of a data packet requires the received SINR to exceed a given threshold θ > 0 or else an outage event occurs. Consider a typical transmitter T 0 ∈ Φ with a receiver located at the origin without loss of generality since Φ is stationary. The corresponding outage probability P out is defined as P out = Pr(SINR < θ) where SINR is the received SINR at the intended receiver of T 0 . Let P T denote the transmission power of T in a typical slot. The outage probability for random access can be written as
where σ 2 represents the variance of AWGN, the summation in (1) gives the interference power and (2) uses Slyvnyak's theorem [8] . The outage probability for THMA is similar:
where γ T ∈ {0, 1} is the decision of T on transmission in a typical sub-slot. To ensure the quality-of-service, an outageprobability constraint is applied such that P out ≤ with 0 < 1. The performance metric in this work is the network throughput (bit/s/Hz/unit-area) defined as
where (θ, λ t ) are chosen under the outage-probability constraint. To be precise, the network throughput should be scaled by the success probability (1− ) but this factor is constant and thus omitted for the ease of notation. The network throughput maximized over (θ, λ t ), only λ t or θ are denoted as R max , R max (θ) and R max (λ t ), respectively.
C. Energy-Harvesting Models 1) Non-EMR Energy Harvesting:
Energy from a non-EMR source such as kinetic activities randomly arrives at an energy harvester in packet as illustrated in Fig. 2 and the arrivals of energy packets are modeled as a stationary random process with the arrival rate λ e . Each energy packet comprises a random number of energy units that has the distribution function f e . Consider the transmission of the typical transmitter in a typical slot. The transmission power can be written as P 0 = For example, this property holds for a stationary Poisson arrival process [9] .
2) EMR Energy Harvesting:
The typical transmitter T 0 in the MANET harvests energy from transmitters of coexisting networks located within a given distance r >
are unequal, accounting for heterogeneous efficiencies of harvesting EMR energy from different spectrums. The shortrange attenuation model is adopted such that the channel gain for transmission over a distance
−α where r specifies the short range [7] . Since the energy harvested from transmitters outside the short range is negligible, the transmission power of T 0 can be written as
where the operator | · | gives the cardinality of a set, Π (m) n represents the realization of Π n in the m-th t c -unit slot, and B(X, y) is a disk centered at X ∈ R 2 and with the radius y.
III. THE NETWORK THROUGHPUT
A. The Network Throughput: Non-EMR Energy Harvesting 1) Random Access: For this scenario, transmitters transmit continuously with transmission power varying over slots. However, as the slot duration (the harvesting interval) increases, the transmission power of all transmitters converges in probability to its expectation as shown in the following lemma. Lemma 1. For sufficiently large t e , the transmission power P 0 of the typical transmitter in a typical slot satisfies
for any given δ > 0 and > 0.
The proof uses the assumption in (5) and the law of large numbers. For the purpose of exposition, λ e E[Q 1 ] is referred to as the energy arrival rate.
Next, to characterize the network throughput, P 0 is related to the transmitter density λ t and the SINR threshold θ under the outage-probability constraint. To this end, we define a parameter μ , called the nominal node density, as the density of a HPPP Π(μ ) such that
where the summation represents the interference power received at a receiver located at the origin from unit-power interferers distributed as Π(μ ). Note that μ depends only on and independent with other network parameters. Moreover, μ is a strictly monotone-increasing function of due to the fact that denser interferers result in larger outage probability for a link. The expression of μ has no closed-form and its value has to be computed by simulation (see e.g., [10] ). The following lemma follows from Mapping Theorem [11, p18] .
Lemma 2. The process aΠ(μ ) with a > 0 is a HPPP with density μ /a 2 .
Define the feasibility set F as the set of (θ, λ t ) that satisfy the outage-probability constraint:
Using Lemma 1 and Lemma 2, the expression of F is derived as shown in Lemma 3. This lemma provides a basic result applied throughout the analysis in the sequel.
Lemma 3.
As t e → ∞, the feasibility set F is given as
where Δλ(θ) as defined below is called the network interference temperature:
A few remarks are in order.
-The network interference temperature Δλ(θ) specifies the maximum density of interferers a link can tolerate without violating the outage-probability constraint. This quantity is analogous to the interference temperature in cognitive-radio systems that measures the maximum amount of additional interference for a certain frequency band without significantly degrading the reliability of communications therein [12] . It can be observed from (11) that a higher coding rate (larger θ) leads to a lower network interference temperature and vice versa. In addition, note that the parameter μ in (11) alone specifies the outage-probability constraint. -The feasibility set F is plotted as the shaded region in Fig. 3 . Increasing μ enlarges F and vice versa. The boundary of F corresponds to λ t = Δλ(θ). -It can be observed from (10) that θ has to be smaller than the received SNR
because otherwise the typical link will be in outage even if there exists no interference. Note that the network throughput grows with increasing λ t or θ. It follows that the point (λ t , θ) that maximizes the network throughput lies on the boundary of the feasibility set (see Fig. 3 ) or equivalently satisfies λ t = Δλ(θ). Therefore, using Lemma 3, the main result of this section follows as shown in Proposition 1.
Proposition 1.
As t e → ∞, the maximum network throughput converges as follows:
It can be observed from (12) that too large θ (close to λ e E[Q 1 ]/σ 2 ) or too small θ will reduce the network throughput; similar observation can be made from (13) in terms of λ t . Therefore, R max exists and is non-zero. It is straightforward but tedious to derive a closed-form expression for R max , which is complicated and gives no new insight. However, for a sparse network or dense energy arrivals, the maximum network throughput has the simple expressions as given in the following corollary. Corollary 1. The maximum network throughput R max (λ t ) scales as follows:
It can be observed from (14) that the maximum throughput of a sparse network grows linearly with the increasing transmitter density and as a logarithm function of the energy arrival 2 The operator ∼ denotes asymptotic equivalence. Specifically, given the functions f 1 and
rate. The result in (15) shows that given a high energy arrival rate, the network is interference limited and independent with the rate.
2) Time-Hopping Multiple Access: Random access in a dense network causes frequent transmission collisions, which reduces the network throughput. This issue can be alleviated by replacing random access with THMA so that the density of simultaneous transmitters and hence the frequency of collisions are reduced. Consider the m-th sub-slot of a typical slot. It follows from Coloring Theorem [11, p53] that the active transmitters in this sub-slot, denoted as Π [k] , is a HPPP with density λ t /M . Therefore, the outage probability of a typical transmitter accessing a typical sub-slot can be obtained below using (3) and Lemma 2:
Using this equation, results similar to those in Proposition 1 can be obtained for THMA as follows. 
This asymptotic result shows that the network throughput grows with increasing M (finer sub-slots for THMA) following a power law.
B. The Network Throughput: EMR Energy Harvesting
For EMR energy harvesting, the randomness in the transmission power of a transmitter results from the mobility of coexisting networks. In particular, in the harvesting range of a typical MANET transmitter, there exists a random number of transmitters from the k-th coexisting network that follows the Poisson distribution with mean πr 2 λ k . The fluctuation of transmission power, however, varnishes as the harvesting interval increases. This can be characterized using the law of large numbers that yields the following lemma.
Lemma 4. For sufficiently large t e , the transmission power P emr 0 of the typical transmitter satisfies
for any given δ > 0 and > 0, where
Using Lemma 4 and following a similar procedure as for proving Proposition 1, the maximum network throughput for EMR energy harvesting is characterized as follows. Fig. 4 shows maximum network throughput versus energyarrival rate (normalized by σ 2 ) for both the cases of optimized λ t and fixed λ t equal to 0.01. It can be observed that optimizing λ t increases the network throughput dramatically especially when the energy-arrival rate is relatively small. For this case, the optimal value of λ t tends to be large. This results in dense harvesters that ensures the power harvested from an unit area, called the energy-arrival density and defined as λ t λ e E[Q 1 ], is sufficiently large and thereby compensates the low energy-arrival rate at each mobile. Consequently, the maximum network throughput is less sensitive to changes on the energy-arrival rate and the throughput gain from harvesting more energy per mobile is no more than 50%. In contrast, the gain can be up to 3-fold if λ t is fixed at a relatively small value. For this case, the network throughput increases approximately as a logarithm function of the energy-arrival rate as predicted by the first result in Corollary 1.
IV. NUMERICAL RESULTS
The curves of network throughput maximized over θ versus energy-arrival density (normalized by σ 2 ) are plotted in Fig. 5 for the cases of random access and THMA. The normalized energy-arrival rate, namely λ e E[Q 1 ]/σ 2 , is fixed at 10 dB. As can be observed from Fig. 5 , there exists an optimal value for the normalized energy-arrival density that maximizes the network throughput for random access and high density reduces the throughput since correspondingly transmitters are dense and hence have strong mutual interference. For high energy-arrival densities, THMA reduces the density of simultaneous transmitters without affecting the harvester density and thus is observed to yield much higher network throughput compared with random access. In addition, the maximum net work throughput for THMA is slightly higher than that for random access as shown in the figure.
V. CONCLUSION
By considering a long energy-harvesting interval, the relation between the throughput of a mobile ad hoc network modeled as a Poisson point process and the energy-arrival rate has been derived in simple expressions. This relation provides useful insight into the tradeoff between the node density, encoding rate and the amount of harvested energy. The effects of harvested-energy dynamics for a short harvesting interval and multi-antenna techniques on the network throughput are currently under investigation.
